Nature of Orbital Ordering in Lao s Sri 5Mn04 Studied by Soft X-ray Linear Dichroism 
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We found that the conventional model of orbital ordering of 



type in the Cg 



states of Lao.5Sri,5Mn04 is incompatible with measurements of linear dichroism in the Mn 2p- 
edge x-ray absorption, whereas these Cg states exhibit predominantly cross-type orbital ordering of 



LDA-I-U band-structure calculations reveal that such a cross-type orbital ordering 



results from a combined effect of antiferromagnetic structure, Jahn- Teller distortion, and on-site 
Coulomb interactions. 

PACS numbers: 75.47.Lx, 75.30.Mb, 71.28.-fd, 78.70.Dm 



Orbital ordering, which manifests itself in the spatial 
distribution of the outermost valence electrons, is an im- 
portant topic in current research of transition-metal ox- 
ides, as the magnetic and transport properties are closely 
related to the orbital and charge degrees of freedom 
In particular, charge- orbital ordering of half-doped man- 
ganites has attracted much attention 0, 0, S IE S 13 ■ 
The mechanism of char ge-o rbital ordering is being hotly 
debated H E [H [Hill H [13. To observe orbital 
ordering directly is a difficult task. Experimental results 
of resonant x-ray scattering (RXS) at the Mn K-edge in 
Lao.5Sri.5Mn04 and LaMnOs show removal of degener- 
acy between and 4p.y; these observations have been 
argued to be direct evidence of orbital ordering 0, ^3 ■ 
However, the origin of RXS at Mn iiT-edge is controver- 
sial. Orbital ordering in transition-metal oxides is typi- 
cally accompanied by Jahn- Teller lattice distortion. Cal- 
culations based on a local-density approximation includ- 
ing on-site Coulomb interactions (LDA-f U) [isl and 
multiple scattering theory 20] indicate that RXS mea- 
surements pertain mainly to Jahn- Teller distortion, in- 
stead of directly observing id orbital ordering. Multiplet 
calculations have shown that one can use linear dichro- 
ism (LD) in soft x-ray absorption spectroscopy (XAS) 
to identify the orbital character of 3d states in orbital- 
ordered manganites |2]| . 

Half-doped manganites such as Lao.5Sri.5Mn04 ex- 
hibit CE-type antiferromagnetic (AFM) ordering and 
charge-orbital ordering 0, [^ [13 . They have a zigzag 
magnetic structure in which the magnetic moments of 
Mn on the chain form a ferromagnetic coupling, but 
AFM coupling between the zigzag chains. Below the 
charge-ordering (CO) temperature Tco=217 K, the va- 
lence of Lao.5Sri.5Mn04 orders in an alternating pat- 
tern with two distinct sites identified as Mn^+ and Mn'^^ 
[H [23 . The Cg electrons on the nominal Mn^+ sites of 



Lao.sSri 5Mn04 are believed to exhibit an orbital order- 



ing of Sx 



V3y2 



in which occupied 



and 



c?3j,2_r2 orbitals are alternately arranged at two sublat- 
tices in the ab plane [3. However, d^^2_j.2 and dj.2_^2 
{d^y2_j.2 and dy2_^2) orbitals might be mixed, because 
orbitals of these two types have the same spatial sym- 
metry with respect to the Mn02 plane. To clarify the 
nature of orbital ordering in Lao.5Sri.5Mn04 is essential 
to reveal the origin of orbital ordering in half-doped man- 
ganites. 

In this Letter, we present measurements of LD in 
Mn 2p-edge XAS of Lai_2;Sri+2;Mn04. The LD mea- 
surements are compared with multiplet calculations 
to unravel the orbital character of eg electrons in 
Lao.5Sri.5Mn04. We performed also LDA-I-U calcula- 
tions to study the orbital-ordering of this compound. 

Single-crystalline samples of Lai -^Sri +7,Mn04 were 
grown by the floating zone method |22l |. Measurements 
of x-ray diffraction at room temperature show that our 
samples are of single phase. The major crystallographic 
difference between crystals with different x's is the c-axis 
length; this decreases significantly from 13.04 A for x^Q 
to 12.43 A for x=0.5, whereas the a-axis length shows 
only a weak x-dependence (3.81 A for x—Q and 3.86 A 
for x=0.b). This difference of the c-axis length is at- 
tributed to a significantly decreased out-of-plane Mn-0 
bond length with increasing Sr content. 

XAS measurements on Lai_2;Sri_|_a;Mn04 single crys- 
tals at various temperatures were performed at the 
Dragon beamline of the National Synchrotron Radiation 
Research Center in Taiwan. We recorded XAS spectra 
by collecting the sample drain current. Crystals were 
freshly cleaved in an ultra- high vacuum at 90 K; the in- 
cident angle was 60° from the sample surface normal and 
the photon energy resolution was 0.2 eV. We rotated the 
sample about the direction of incident photons to obtain 
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FIG. 1: (a) LD and polarization-dependent XAS taken with 
E _L c (solid line) and E || c (broken line) of LaSrMn04. (b) 
Calculated LD spectrum of Mn^+ ions with occupied d^^2_j.2 
orbitals. The calculated LD is plotted on the same scale as 
the measured one. 

LD spectra from which experimental artifacts related to 
the difference in the optical path and to the probing area 
have been eliminated. All measured XAS spectra referred 
to the E vector parallel to the c axis are shown with a 
correction for the geometry effect 0, . 

Multiplct calculations have shown that one can use LD 
in L-edge XAS to characterize the 3d orbital character 
|2ll | . LD in XAS is defined as the difference between XAS 
spectra taken with the E vector of photons perpendicular 
and parallel to the crystal c-axis. To verify experimen- 
tally such a capability of LD, we measured the LD in Mn 
i2,3-edge XAS of LaSrMn04, which is expected to ex- 
hibit 3z^ — r^ "ferro-orbital" ordering. Figure^^a) shows 
our measurements of polarization-dependent XAS and 
LD on LaSrMn04. Most features in the measured LD at 
Mn L-edge are reproduced by multiplet calculations for 
Mn'^"'" ions with occupied d^z2_j.2 orbitals, as shown in 
Fig. Ulb) m reveahng that LD in L-edge XAS is 
an effective means to examine the orbital character of 3d 
electronic states in an orbital-ordered compound. 

We measured also the LD in XAS on Lai_2:Sri+2:Mn04 
with varied doping to clarify further the origin of the 
LD signal, as shown in Fig. El^a). Because the Jahn- 
Teller effect on the Mn'*+ ions is insignificant |l4lll5l |. the 
contribution of 3d orbitals of these ions to LD is much 
smaller than that of Mn'^+ ions. With increasing doping, 
the proportion of Mn^+ ions decreases; the LD magni- 
tude of doped Lai_a;Sri+a;Mn04 diminishes. Note that 
the magnitude of LD decreases more rapidly than that 
from a simple picture of Mn^+-Mn'*+ dilution. In par- 
ticular, the LD magnitude of Lao.5Sri.5Mn04 is ~ 1/4 



l-l 1 1 1 1 1 1 1 1 1 1 

(a) L3 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l-[ 


\ 


/\ jc=0.2 




' ;c=0.35 




y\ A-=o.5 


\- -1 



-(b) 




: — ^ 


3x'^-r . 3y'-r 




1 1 1 



630 640 650 660 



Photon energy (eV) 

FIG. 2: (a) LD in Mn L2,3-edge XAS of Lai_^Sri+^Mn04 
with varied doping. Linear-dichroism spectra were derived 
from XAS normalized to the same peak intensity at Mn La- 
edge and measured at 300 K for x < 0.35 and 150 K for 
X = 0.5. (b) Calculated LD spectra of Mn"^"*" ions with 
dj.2_^2 /dy2_^2 and d^^2_^2 / d.i^y2 _^2 orbitals occupied. 



that observed for LaSrMn04; its sign at the L2-edge is 
the same as that of LaSrMn04. To identify the orbital 
character of the occupied Cg states, by using a model of 
MnOg cluster based on configuration interaction , we 
calculated LD spectra of Mn'^"'" with d^2_^2 /dy2_^2 and 
d^„2_r2 /d^„2_^2 orbitals occupied, as shown in Fig. |2Ib) 
[28j . Overall the calculated LD of occupied in-plane or- 
bitals such as d^x2_^2 and d^y2_j,2 is with sign reversed to 
that of out-of-plane orbitals such as c?322_^2, dx^-z^i f^nd 
dy2_z2. Surprisingly the conventional orbital ordering 
model of 3x^ — r^/Sy^ — type is incompatible with LD 
measurements. The calculated LD of 3x'^ — r^/Sy^ — re- 
type orbital ordering is with sign reversed to that of mea- 
sured LD from Lao.5Sri.5Mn04. One might suspect this 
inconsistency could result from anisotropic Cg charge dis- 
tribution on the Mn''^+ sites. If so, only Cg charge with 
d3^2_^2 or dx^-z^ /dy2-z^ polarization transferred from 
Mn^+ to Mn'*+ could give rise to a LD similar to the 
measurement. However, even in the most unfavorable 
case, that is, even if the transferred Cg charge on the 



Mn^+ site were maximum (leading to equal charges on 
both Mn sites) and fully (3z^ — r^)-polarized, only half 
of the observed LD could be accounted for. As shown 
later (see the lower panel of Fig. ^ , such transferred eg 
charges indeed have a small in-plane polarization. This 
anisotropy gives opposite contributions to LD with re- 
spect to the measurement; the inconsistency can not be 
reconciled even if the anisotropic charge distribution of 
Mn'*+ was taken into account. 

Furthermore, the lineshape of the measured LD spec- 
trum for X = 0.5 is similar to those from calculations for 
Mn"^"*" with occupied d^^2_^2 or (1^2 _ ^2 / dy2 _ ^2 orbitals, 
implying that Lao.5Sri.5Mn04 has an orbital polarization 



or dr 



l/dy 



If 



of strong z character, e.g., d^z^ 
Lao.5Sri.5Mn04 exhibited — orbital ordering, all 
Mn'^+ sites, i.e., half of all Mn atoms, would contribute 
to LD and its magnitude at Mn L2-edge would be half of 
that observed in LaSrMn04, in contrast to the measure- 
ments. If Lao.5Sri.5Mn04 exhibits ~ / ~ orbital 
ordering, by choosing LD as the difference in XAS spectra 
taken with the E vector parallel to x and z axes, we ob- 
serve essentially linear dichroism resulting only from the 
sublattice with occupied dy2_z2 . In other words, only half 
of Mn'^+ sites contribute to LD; one quarter of Mn atoms 
contribute to LD, consistent with the measurements. Our 
LD measurements thus suggest that orbital ordering of 
the eg states on the Mn site in Lao.5Sri.5Mn04 is domi- 
nated by — z'^ /y"^ — z^ type. 

To further study orbital ordering in Lao.5Sri.5Mn04, 
we performed LDA-I-U calculations using the full- 
potential linearized augmented-plane-wave method on 
Lao.5Sri.5Mn04 in CE-type AFM structure with U and 
J equal to 8 and 0.88 eV for Mn 2>d electrons, respec- 
tively . Details of the calculations will be described 
elsewhere [l^. Mahadevan et al. found that the 

breathing-type Jahn- Teller distortion of Lao.5Sri.5Mn04 
suggested by Sternlieb et al. 'is'l is not energetically 
favorable, and proposed a shear-type Jahn- Teller dis- 
tortion in which the Mn-0 length is elongated alter- 
nately along the x and y directions. Measurements of 
x-ray scattering also indicate a shear-type distortion on 
Mn-0 octahedra rather than a breathing- type dis- 
tortion. Consistent with previous band-structure cal- 
culations 01, our LDA-I-U calculations show also that 
Lao.5Sri.5Mn04 without Jahn- Teller distortion is unsta- 
ble against a shear-type Jahn- Teller distortion. With a 
shear-type Jahn- Teller distortion of 0.08-A in-plane O 
displacement ^31;], LDA-I-U calculations give rise to an 
orbital ordering dominated by x'^ — z"^ jy^ — on the 
Mn'^^ sites of Lao.5Sri.5Mn04, as shown in Fig. O which 
displays charge-density contours corresponding to the eg 
dominated valence bands. Interestingly we found also 



that Lao.5Sri.5Mn04 would exhibit 3a; 



732/^ 



bital ordering if the on-site Coulomb interactions were 
not explicitly included, in agreement with previous LDA 
calculations Our results suggest that charge and 
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FIG. 3: Charge-density contours corresponding to the Cg va- 
lence bands of Lao. 5Sri.5Mn04. Upper panel: Charge-density 
contours in the ah plane. Lower panel: Charge-density con- 
tours in the ac plane along [100] direction. 
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FIG. 4: View of d^y2_^2 and d^2_^2 orbitals on the Mn^"*" 



sites with different Jahn- Teller distortions, (a) and (b) show 
the Mn-0 length elongated along the y direction and con- 
tracted along the x direction, respectively. Filled circles de- 
note O atoms in which 2p orbitals are omitted for clarity. 



orbital ordering can be well described if the on-site 
Coulomb interactions of 3d electrons are properly taken 
into account, as in the LDA-fU or Hartree-Fock calcula- 
tions. Such a cross-type orbital ordering results from a 
combined effect of AFM structure, Jahn- Teller distortion, 
and the on-site Coulomb interactions of 3d electrons. 
The existence of orbital ordering of cross-type — 
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FIG. 5: Left panel: XAS and LD spectra of Lao.5Sri,5Mn04 
recorded at temperatures 150 K. Right panel: temperature 
dependence of relative LD in XAS measured at temperatures 
about Tco- The solid line is for visual guidance. Error bars 
reflect uncertainties from different sets of data. 



can be understood within the framework of 



crystal field effect with lattice distortion taken into ac- 
count. On the Mn'^+ sites of a cubic perovskite, eg or- 



bitals of 3y 



symmetry are preferentially 



occupied if the Mn-0 length is elongated along the y {x) 



direction; y 



(x — z ) orbitals are occupied if the 



Mn-0 length is contracted along the x (y) direction, as 
shown in Fig. ^ For example, in CE-type charge- orbital- 
ordered half-doped manganites of cubic perovskite such 
as Lao.sCap.sMnOs, the Mn^+ site exhibits a large Jahn- 
Teller distortion, in which the Mn-0 length is elongated 
alternately along the x and y directions (two long bonds 
of 2.06 A along the zigzag chain and four short bonds 



of 1.92 A) |33, producing 3x^ 



orbital or- 



dering. As for Lao.5Sri.5Mn04, the shear-type distortion 
leads effectively to alternate contractions of along the x 
and y directions in Lao.5Sri.5Mn04, because the longer 
in-plane Mn-0 length (2.00 A) is close to the out-of-plane 
Mn-0 length (1.98 A), while the shorter in-plane Mn-0 



length is 1.84 A. Orbital ordering of , 



expected to be energetically more favorable than that of 



3a; 



V3y2 



■ . Note that small tetragonal distor- 
tions with c/a=0.98 and c/a=1.04 in strained thin films 
of Lao.sSro.sMnOs can result in ferro-orbital ordering of 
- and 3^^ - r^, respectively (3S. .34| . 
In addition, measurements of temperature-dependent 
LD of Lao.sSri 5Mn04 about Tco provide us with fur- 
ther evidence that LD in XAS reflects the nature of or- 
bital ordering. LD measurements with photon energy of 
645 eV show that the LD decreases greatly as the tem- 
perature crosses TcO: as shown in Fig. [SJ indicating 
that orbital ordering of Lao.5Sri.5Mn04 follows a simi- 
lar temperature-dependent trend of charge ordering |2^ 
and Jahn- Teller distortion .16 |. To confirm this, more 
detailed temperature dependent studies would be neces- 
sary. 

To conclude, we demonstrate that LD in Mn 2p XAS 



is a powerful method to test the validity of models for 
orbital ordering in transition-metal oxides. With LD 
measurements, we inferred that orbital ordering of the 
Mn Eg electrons in Lao.sSri 5Mn04 is dominated by 
x^ — /y'^ — type, as corroborated by our LDA-I-U 
calculations. Orbital ordering of Mn electrons in 
Lao.5Sri.5Mn04 results from a combined effect of anti- 
ferromagnetic structure, Jahn- Teller distortion, and on- 
site Coulomb interactions. In principle, one can directly 
observe both orbital ordering and Jahn- Teller ordering 
in manganites by using resonant x-ray scattering at Mn 
L2,3-edges [sll. 
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